Abstract. Although preformed polymers are commercially available for use in the design and development of drug delivery systems, in situ polymerization has also been employed. In situ polymerization affords the platform to tailor and optimize the drug delivery properties of polymers. This review brings to light the benefits of in situ polymerization for oral drug delivery and the possibilities it provides to overcome the challenges of oral route of administration.
INTRODUCTION
It is a veritable truism that polymers are inevitable in drug delivery. Polymers have been employed and tailored to achieve the desired drug delivery properties. When the desired drug delivery properties are not obtained in one polymer, the polymer is modified, blended, interacted, or grafted with another polymer. Polymers have been used to control the rate of release of drug; prevent toxicity; protect drugs from degradation before delivery to site of action thereby enhancing their stability; and target drug to site of action to improve absorption, and subsequently bioavailability and therapeutic efficacy. The preformed and commercially available polymers can be subdivided into biodegradable and non-biodegradable polymers.
The biodegradable polymers that have been employed in drug delivery systems include natural polymers such as chitosan (1) (2) (3) (4) and alginate (5-7); and synthetic polymers such as polyesters which include poly (lactic acid), poly(glycolic acid), poly(lactic-co-glycolic acid; 8,9), polyanhydrides (10, 11) , and polyamides (12, 13) . The non-biodegradable polymers include the conventional cellulose derivatives (14) (15) (16) (17) and acrylic polymers (18, 19) . These above-mentioned polymers were purchased by the researchers for preparation of drug delivery systems with fixed polymer chain lengths, molecular weights, and drug delivery properties.
However, drug delivery systems are also developed by in situ polymerization. In situ polymerization in the context of drug delivery implies the development of drug delivery systems within the polymerization mixtures. Despite the numerous polymers available, quite a number of them are not employed for drug delivery because they are not biocompatible and do not possess excellent drug delivery properties. Hence, there is always the need to synthesize new polymers with improved drug delivery properties tailor-made to achieve specific drug delivery outcomes. Instead of purchasing preformed polymers for development of drug delivery, monomers are purchased and novel polymers are formed. One of the benefits of in situ polymerization is that the desired polymer chain length and molecular weight required for a specific drug delivery system can be actualized. The second benefit is that it can be employed to improve drug loading of particulate and matrix delivery systems. Furthermore, the desired monomers can be employed in the desired ratio and optimized to achieve certain drug delivery attributes. In situ polymerization is a method that can be employed to develop polymers that can withstand the harsh conditions of the gastric region in order to protect and deliver macromolecules through the oral route (20) . In situ polymerization such as free radical and interfacial polymerizations are rapid and cross-linking density can be controlled to modulate drug release (21) . The polymerization process of photopolymerization for instance can be undertaken at temperatures and pHs within physiological ranges (22) .
The different in situ polymerization methods that have been used to prepare drug delivery systems include interfacial polymerization (23) (24) (25) , free radical polymerization (26, 27) , anionic polymerization (28), ring-opening polymerization (29) , frontal polymerization (30) , micellar copolymerization, and network polymerization (31) .
This review focuses on highlighting the different techniques of in situ polymerization for oral drug delivery systems with emphasis on drug incorporation during polymerization.
DRUG INCORPORATION AFTER IN SITU POLYMERIZATION
This section refers to drug delivery systems prepared by in situ polymerization of which the drugs are incorporated after polymerization. Such drugs include proteins which may be denatured by heat or UV-applied during polymerization.
In Situ Free Radical Solution Polymerization for Films, Microparticles, and Nanospheres
Peppas and co-workers prepared complexation polymers which protected proteins such as insulin and calcitonin from possible degradation in the gastric region by the ability of the polymers to respond to changes in pH (32) (33) (34) (35) (36) . Complexation hydrogels of poly(methacrylic acid) grafted with poly(ethylene glycol) depicted by the authors as P(MAA-g-EG) were prepared by free radical solution UV-polymerization of methacrylic acid (MAA) and methoxy-terminated poly(ethylene glycol) monomethacrylate (PEGMA). Swelling, calcium binding, and enzyme inhibition studies were undertaken (33) . Formation of complexation at lower pH due to hydrogen bonding between the PEG grafts and PMAA pendant groups yielded low swelling rate. However, as the pH increased, the swelling rate increased, as complexation did not occur at higher pHs due to dissociation of complexes. The complexation hydrogel exhibited good calcium binding ability which enabled it to inhibit calcium-dependent enzymes such as trypsin making it a potential carrier for peptides and proteins (33) .
Peppas and co-workers prepared microparticles of P (MAA-g-EG) by free radical solution polymerization; and insulin and other drugs such as vancomycin and theophyline were incorporated individually by equilibrium partitioning. Initially, polymer films were obtained which were crushed into microparticles before drug incorporation. After drug incorporation, the microparticles were filtered, washed, dried under vacuum, and stored at 4°C for further studies (34) . The loading efficiency of insulin was 87.4%, 14.5% of vancomycin while theophyline was lower (1.1%). The drug release studies indicated that P(MAA-g-EG) at 1:1 MAA/EG ratio protected insulin in acidic medium as only 6% was released. However, there was a rapid burst release of insulin in higher pH due to rapid swelling of the microparticles (34) . Vancomycin and theophyline, on the contrary, released more in acidic medium due to the fact that the drug size decreased thereby increasing the ability of the drugs to move through the complexed network (34) .
To control the rate of release of insulin which will improve on the amount absorbed, P(MAA-g-EG) was tailored to achieve this by altering the solvent content during network formation (36) . The intestinal administration of the insulin-loaded polymer samples showed significant increase in bioavailability (4.6-7.4%) as opposed to insulin solutions (1.0%) (36) . This is an indication that complexation hydrogels show promise for the delivery of proteins by protecting them in the stomach and releasing them in the intestine, and their release can be controlled by modifying the hydrogel network.
In another study, Foss and Peppas stated that the complexation nanospheres and microparticles especially at equimolar ratio of MAA/EG did not significantly decrease cell viability which was measured by nicotinamide adenine dinucleotide phosphate production, and the complexation hydrogels also contributed to the permeability of insulin (37) .
Ring-Opening Polymerization for Nanoparticles
Ring-opening polymerization is an addition polymerization in which the end of a polymer functions as a reactive center (an initiator) and cyclic monomers attached to form a higher molecular weight polymer. However, before the addition takes place, ring-opening of the cyclic monomers would occur and the polymer obtained after polymerization is a usually linear polymer. Ring-opening polymerization was employed for the synthesis of poly(lactide)-d-α-tocopheryl polyethylene glycol 1,000 succinate (PLA-TPGS) copolymer (29, 38) . The ring-opening polymerization of lactide monomer with TPGS occurred in the presence of stannous octoate as catalyst. Drug incorporation was undertaken by modified solvent extraction/evaporation method which produced Paclitaxel-loaded PLA-TPGS nanoparticles. The in vitro drug release studies indicated an initial burst release of 17% and sustained release of 51% by the thirty-first day (29) . The cellular uptake efficiency of PLA-TPGS (ratio 89:11) nanoparticles was 55.9% while they showed inhibition of proliferation of HT-9 and Caco-2 cells after 48 and 72 h even at low drug concentration (<0.025 μg/ml; 38).
DRUG INCORPORATION DURING IN SITU POLYMERIZATION
In situ polymerization in the presence of a drug is only undertaken if the drug can withstand polymerization and does not react with the monomers (26) . The various techniques of polymerization employed for in situ fabrication of oral drug delivery systems are discussed (Table I) :
In Situ Polymerization Precipitated by Annealing for Controlled Release Matrices
Limmatvapirat and co-workers developed controlled release matrices by employing a natural polymer, shellac (39) . Shellac-based controlled release matrices were formulated by wet granulation and were subjected to temperatures 40°C, 60°C, 80°C, and 100°C over 24 h in an oven. The annealed shellac-based matrices were characterized in comparison with the native shellac-based matrices. Before shellac was utilized to formulate matrices, the polymer was subjected to temperatures as stated above. The impact of annealing on the polymer leading to polymerization was confirmed by differential scanning calorimetry and acid-base titration method which yielded decreased acid value and increased insoluble solid matter. It was reported that in situ polymerization due to annealing produced stronger tablets, delayed disintegration to as much as 120 min in acidic medium and 180 min in buffer pH 7.3 for a higher concentration of shellac (40%). However, higher temperature generated non-disintegrating tablets even at lower concentration of shellac. The metronidazole-loaded matrices were found to erode at pH 7.3; but as the annealing temperature increased, erosion of the matrices decreased which is an indication that in situ polymerization improved their mechanical strength. As the concentration and temperature increased, the drug release profile became linear with percentage drug released over time decreasing as the annealing temperature increased ( Fig. 1; 39) . In sum, in situ polymerization due to annealing modified the properties of shellac, improving its properties for controlled drug delivery.
In Situ Free Radical Polymerization for Oral Drug Delivery Systems
Free radical polymerization is one of the most versatile methods of polymerization. It involves an initiator and a monomer. First, the initiator molecules are converted to free radicals by different mechanisms such as heating, photolysis, and electrolysis and the free radicals, being highly active, are able to obtain electrons from the molecules of the monomers making them free radical and highly reactive. The polymer chain grows by the reactive monomers reacting with the monomers molecules by electron transfer.
Peppas and co-workers have utilized in situ free radical polymerization for preparation of oral delivery systems (32, 40) . MAA monomers were grafted to PEGMA in a molar ratio of 23:1 to form P(MAA-g-EG) in the presence of tetraethylene glycol dimethacrylate as the cross-linking agent and Irgacure184
® [1-hydroxy-cyclohexl-phenylketone] as the initiator with UV source to initiate free radical polymerization. The nanosphere suspension obtained was washed employing cellulose dialysis membrane to remove unreacted monomers. Bleomycin was loaded into the nanospheres prior to polymerization and after polymerization (imbibition). In situ polymerization achieved a drug loading efficiency of 76% as compared with bleomycin loading by imbibition (45%). The drug release studies undertaken indicated that more bleomycin is released at a higher pH of 7.0 and no cytotoxic effect was observed on Caco-2 cells. The nanospheres were also reported by the authors as a good permeability enhancer which will aid the transport of bleomycin and subsequently improve its bioavailability (40) .
In another study with P(MAA-g-EG), Peppas and coworkers loaded diltiazem during polymerization (32). Diltiazem was able to diffuse through the hydrogel networks and at least 90% of the drug was released in the first 90 min. However, the rate of release of diltiazem decreased with increasing fraction of poly(ethylene glycol) dimethacrylate. They also studied other drugs such as proxyphylline, vitamin B 12 , insulin, and calcitonin, and in sum, the rate of release of the drugs were dependent on the method of preparation, cross-linking density, molecular weight of the PEO chains, and the drug solubility (32) .
Furthermore, in situ polymerization has been employed to develop coatings of solid dosage forms that are temperature-and pH-responsive (41, 42) . Before coating in each case, pre-coating monitoring of the polymerization process was undertaken in order to assess the time required for complete polymerization. Then, characterization of the polymerization kinetics was undertaken to determine the best composition of the coating to achieve the desired results. Poly (N-isopropylacrylamide) (PNIPA) was utilized for the temperature-sensitive coating on pellets (41) . The characteristic low critical solubility temperature at 33°C of PNIPA led to its utilization. PNIPA cross-linked hydrogels at swollen state can load drugs from their environment; however, above 33°C, the 
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Yu and Grainger (31) hydrogels become hydrophobic, collapse, and a prolonged drug release can be obtained. The pellets were formulated by extrusion-speronization process with or without PNIPA as one of the excipients. In situ polymerization was achieved by irradiation in the presence of a cross-linker, N,N-methylenebisacrylamide (MBAAm). The coating medium constitutes 20% N-isopropylacrylamide (NIPA) monomers, 6.25% MBAAm, and 3.75% Irgacure® 2959 (photoinitiator) ethanol/water 50:50v/v solution. The surfaces of the pellets were covered with the coating medium and immediately subjected to irradiation with a UV-lamp at 366 nm (20 min per session). Four to eight coatings were undertaken and the pellets dried in an oven at 40°C. Theophylline release studies were carried out using USP apparatus II at 50 rpm, 900 mL of dissolution medium at 37°C. The quantity of drug released per time was analyzed spectrophotmetrically. Addition of MBAAm produced PNIPA hydrogel on the surface of the pellets which led to prolonged release of up to 24 h as the number of coatings increased to six or eight (41) . The SEM photographs of a pellet before and after coating is shown in Fig. 2 while theophylline release profiles are shown in Fig. 3 . Having PNIPA incorporated into the pellets and as coating on the surface of the pellets further retarded the rate of release of theophylline. Mayo-Pedrosa and co-workers performed further in situ polymerization for pH-responsive coatings (42) . Acrylic acid (AA) monomers were utilized as the pH-responsive component and to tailor the coatings to trigger drug release at The coating was done severally, and then the pellets were dried in an oven at 40°C. Uncoated pellets (Fig. 4a ) disintegrated, and the drug was released in a few minutes. Coating with AA alone sustained release for 4 h in acidic medium, and the remaining drug released within 2 h in pH 7.4 (Fig. 5) . The AA/LA coating further controlled the release of theophylline in acidic medium and enhanced its release in pH 7.4. An increased number of coatings (Fig. 4b, c ) and doubling the cross-linker further retarded the release of theophylline in acidic medium and did not significantly affect its rapid release in pH 7.4 (42).
In Situ Interfacial Polymerization for Nanocapsules
Interfacial polymerization is a method of polymerization that occurs at the interface of two immiscible liquids containing monomers. A film of polymer is formed at the interface which may slow down the reaction, but removal of the film improves the rate of the reaction. Unstirred interfacial polymerization produces membranes while agitated interfacial polymerization produces micro-and nanoparticles. Watnasirichaikul and co-workers employed agitated interfacial polymerization to fabricate insulin-loaded nanocapsules (43) . Insulin poly(ethyl 2-cyanoacrylate) nanocapsules were formed within a microemulsion by utilizing ethyl 2-cyanoacrylate for oral drug delivery. The microemulsion comprised of surfactant blend (1.4 g), oil mixture (7.6 g), and aqueous insulin (100 units/mL) at pH 7.4 (Humulin R ® ) at 4°C . Into the microemulsion was slowly added a solution of 100 mg ethyl 2-cyanoacrylate in 300 mL of chloroform under agitation and left for at least 4 h at 4°C for polymerization to occur. The nanocapsules were collected and characterized for size, morphology, entrapment, and drug release. The poly (ethyl 2-cyanoacrylate) nanocapsules formed by in situ interfacial polymerization has an average particle size of 150.9 nm with a narrow distribution having a polydispersity of 0.101, and the particles were observed to be spherical with a smooth surface having an inner cavity surrounded by a polymer wall. Entrapment of insulin was 86%, and release was in acidic medium with an initial rapid release of 14% in 30 min followed by a constant release rate between 60 and 180 min and then a decline in the rate after 180 min. The use of biocompatible oils and surfactants negates the need for isolation of the nanocapsules from the polymerization vehicle which can be used for the administration which, in turn, would enhance the absorption of insulin (43, 44) .
Watnasirichaikul and co-workers went ahead to evaluate insulin nanocapsules in vivo using diabetic rats (45) employing microemulsion as a template for in situ interfacial polymerization; however, the monomer was iso-butyl cyanoacrylate. The oral delivery of insulin nanocapsules formed by in situ interfacial polymerization of microemulsion by alkyl cyanoacrylate when compared with aqueous insulin solution and a water-in-oil insulin microemulsion increased the oral bioavailability of insulin. Furthermore, varying the mass of the monomer-isobutyl cyanoacrylate controlled the rate of release of insulin. The release of insulin was suppressed in the stomach (acidic medium) and enhanced in the intestinal region (neutral pH; 45).
Frontal Polymerization for Hydrogels
Although frontal polymerization dates back to the 70 s (46) and has been employed in engineering, chemistry, and astrophysics (47) (48) (49) , its use in drug delivery is recent (30) . Frontal polymerization is a process of polymerization whereby the reaction is initiated from one end of the sample and then it propagates throughout the sample. Frontal polymerization could be temperature-activated or photoactivated. After an initial ignition, hot polymerization front is formed and is self-sustaining with no further energy required once the reaction reaches a steady state converting monomer to polymer at a fast rate (30) .
Gavin et al. employed acrylamide as the monomer and diclofenac sodium as the model drug. Frontal polymerization was undertaken in glass tubes containing acrylamide, MBAAm as the cross-linker, peroxodisulfate as the initiator, and water as the solvent (30) . The tubes were heated at the bottom level of the solution using a soldering iron as the heat source until the formation of a propagating front became apparent. The polymerization period only took a few minutes as compared with the batch polymerization which took 4 h. In batch polymerization, the tubes were immersed in an oil bath at 70°C. Cylindrical hydrogels (Fig. 6) were obtained which were divided into disks of uniform sizes and dried in an oven until constant weights were obtained. In the study, the hydrogels were characterized for morphology, drug content, loading and stability, swelling, and drug release. The results indicated that the lower the concentration of the cross-linker, the higher the drug content, drug loading capacity, and the degree of hydrogel swelling. The infrared spectroscopy confirmed the stability of diclofenac sodium during in situ polymerization while in vitro drug release profiles showed that 100% of the incorporated drug was released after 2 h (30). Diclofenac sodium loaded hydrogels obtained by frontal and batch polymerization exhibited similar properties; however, frontal polymerization was found to be faster and hence, more economical for developing controlled drug delivery systems.
Anionic Polymerization for Fabrication of Nanoparticles
Anionic polymerization is an addition polymerization which can occur when the monomers have anion stabilizing substituents such as phenyl, cyano, carbonyl, and vinyl groups. The cyano groups are quite efficient as stabilizing substituents such that even water can initiate the polymerization of cyanoacrylate. Mesiha et al. developed insulinloaded poly(isobutylcyanoacrylate) nanoparticles by in situ anionic polymerization (28) . Insulin solution (pH 7.42) was added to an aqueous solution of pluronic acid and 5% w/v citric acid; isobutylcyanoacrylate was added dropwise into the solution and agitated for 4 h at ambient temperature. Different concentrations of pluronic acid (at the lowest pH 1.7) were employed to attempt to reduce the average particle size of the nanoparticles below 100 nm in order to optimize bioavailability of insulin. The resultant dispersions after polymerization were neutralized with 1.0 N sodium hydroxide to pH 7.4. Nanoparticles with average particle size below 100 nm obtained in the presence of 2.5% pluronic acid were utilized for in vivo bioavailability studies in streptozocininduced diabetic rats. Fast hypoglycemic effect was achieved 2 h after administration and was sustained over 40 h (28) .
In Situ Micellar Copolymerization and Network Polymerization for Hydrogels
Micellar copolymerization is a process of modifying water soluble polymers to possess hydrophobic groups. It consists of copolymerizing a mixture of hydrophilic and hydrophobic monomers whereby the hydrophobic monomers are within the surfactant micelles and the hydrophilic monomers are within the aqueous continuous phase containing an initiator (50, 51) . In comparison with conventional methods, micellar coplymerization is a more efficient process of incorporating hydrophobic moieties to hydrophilic polymers (52) . Furthermore, the method permits the manipulation of the monomer distribution which enables the production of a polymer with tailored properties (51) . The fact that micellar copolymerization can be undertaken at low temperatures enables incorporation of proteins, polypeptides, and heatlabile drugs, whose stability and bioactivity can be augmented by mild encapsulating approach (52) . Amphiphilic polymers thereby produced have extended-release properties due to the hydrophobic groups within the polymers (52) .
Network polymerization produces a polymer network where all polymer chains are interconnected such that they can form one molecule due to high degree of cross-linking.
In situ micellar copolymerization and network polymerization were employed to modulate drug release to display zero-order kinetics (31) . First, the hydrophobic monomers, n-N-alkylacrylamide was synthesized by the reaction of acryloyl chloride with the appropriate amine; then the cross-linker, N, N'-bisacryloyl-cystamine (BAC) was synthesized by the reaction of acryloyl chloride with cystamine. Next, the hydrophilic polymer, poly(N-isopropylacrylamide-co-sodium acrylate) (NIPA-co-SA) was synthesized by aqueous redox polymerization with MBAAm as cross-linker, tetramethylethylenediamine (TEMED), and ammonium persulfate as initiators. Finally, NIPA-co-SA-co-n-N-alkylacrylamide was synthesized by micellar copolymerization. Hydrophobic monomers, n-N-alkylacrylamide was stabilized with sodium dodecyl sulfate under agitation and temperature control to form a micelle solution into which aqueous solutions of various amounts of mixed comonomers (NIPA and SA), cross-linker (BAC), and TEMED were carefully added with stirring and N 2 bubbling for 15 min. In this study, vitamin B 12 , progesterone, insulin, and interferon were chosen as model drugs; however, all drugs were loaded by solvent sorption methods while insulin and interferon were loaded during the polymerization process. The incorporation of the hydrophobic monomer improved the mechanical strength of the hydrophilic polymer. The amphiphilic polymer obtained was thermo-and pH-sensitive which would enable drugs such as vitamin B 12 , unstable in the gastric region, to be released more in the intestine. The polymer exhibited higher swelling ratio in neutral or basic media than in acidic media. Incorporating insulin during polymerization prevented the initial burst effect observed with solvent sorption method and extended zero-order release profile was obtained. In sum, the rate of release of all the drugs as envisaged decreased with increasing degree of network cross-linking (31).
CONCLUSION
In situ polymerization has shown to be a method that can be employed to improve oral delivery of drugs that otherwise could not be delivered optimally. It improves the mechanical strength of polymers while drug loading and rate of release can be optimized at the level of monomers and ultimately, bioavailability is enhanced. It has also shown to help prevent the degradation of drugs because they are entrapped within the network of the polymers and the polymers have the abilities to inhibit the activities of protein degrading enzymes and are environmentally sensitive in favor of the drugs. Apparently, in situ polymerization has not been extensively employed in development of oral delivery systems, but it shows promise of overcoming the challenges of oral route of administration.
